Introduction
Mesozoic mafic-intermediate magmatic rocks crop out over an estimated 9800 km 2 across southern and eastern Mongolia (Fig. 1A) .
The Mesozoic magmatism stretches from the Greater Xing'an Mountains in northeast China to far-east Russia (e.g., Badarch et al., 2002; Dash et al., magmatism of central Asia is problematic. Most of the formation of the CAOB occurred via subduction processes in the Palaeozoic, which came to a halt in the Triassic (e.g., Xiao et al., 2015) . Subduction of PaleoPacific lithosphere in the east, or Neotethys lithosphere in the south, occurred N2000 km away from Mongolian Mesozoic lava fields (e.g., Torsvik and Cocks, 2017; . The Mongolian Mesozoic magmatism often appears to be spatially and temporally related to the widespread formation of extensional sedimentary basins (e.g., Meng, 2003; Johnson et al., 2014; . Interbedded sedimentary and basaltic successions in some of the Mongolian Mesozoic extensional basins reach up to 3 km in thickness (Graham et al., 2012) , but these large cumulative thicknesses of Mesozoic magmatism are inconsistent with the existence of only relatively small-scale (half)-grabens that would have accommodated no more than a few kilometres of extension (e.g., Johnson et al., 2014; . Therefore, while this regional extension may be related to the same geodynamic process that caused the volcanism, the small magnitude of the extension makes it unlikely to have been the cause of the magmatism. The only plate boundary that was active in the vicinity of the Mongolian magmatic fields during the earlier part of their formation was the subduction zone associated with the closure of the Mongol-Okhotsk Ocean, which was active until latest Jurassic -earliest Cretaceous time (Cogné et al., 2005; Van der Voo et al., 2015) . Yet this boundary was distant from the penecontemporaneous magmatism in the North China Craton where volcanic rocks and xenolith data have led to suggestions for widespread lithosphere removal during the Mesozoic (e.g., Gao et al., 2002; Menzies et al., 1993; Windley et al., 2010) . Within Mongolia, the presence of Mesozoic extensional basins, A-type granites and extensive mafic, and subordinate felsic volcanism have been suggested as evidence for similar lithospheric delamination processes (e.g., Dash et al., 2015; Graham et al., 2001; Jahn et al., 2009; Windley et al., 2010) . Other explanations for (or part of) the regional magmatism include mantle plume activity (Yarmolyuk and Kovalenko, 2001) , slab breakoff in the MongolOkhotsk region (Meng, 2003) , or a combination of delamination, very distant back-arc extension, and mantle upwelling induced by mantle avalanching of previously subducted slabs around the Asian continents (Dash et al., 2015) . In this study, we investigate the petrogenesis of Mesozoic magmatic rocks in southern Mongolia to constrain the nature of the source of the magmatism, the timing of magmatic activity, and the implications of the timing and changes in source chemistry for understanding underlying lithospheric controls. We focus on an area in the Gobi Altai, located south of the western end of the Mongol-Okhotsk Suture (Fig. 1B) , where well-dated, well-described basaltic successions span the long duration of Triassic to the Late Cretaceous, straddling the latest Jurassic-earliest Cretaceous closure,~200 km to the north of the study area, of the Mongol-Okhotsk Ocean that once extended between the Siberian and the Mongol-China terranes/crustal blocks (Cogné et al., 2005; Van der Voo et al., 2015) .
Geological setting and sampling
The terranes that comprise northeast China and Mongolia have been amalgamated and, to varying degrees, affected by subduction processes during the closure of the Paleo-Asian Ocean throughout the Palaeozoic to Early Triassic (Şengör et al., 1993; Xiao et al., 2015) . Geochemical traces of these processes are likely still reflected in the composition of the Asian continental crust and mantle lithosphere. The latest stages of amalgamation concerned the Triassic formation of the Solonker suture,~500 km to the south of the Gobi Altai (Xiao et al., 2015) , and the Mongol-Okhotsk suture, 150-200 km to the north ( Van der Voo et al., 2015) . After the Jurassic, the nearest plate boundaries were the Paleo-Pacific and Neo-Tethys subduction/collision zones, N2000 km away (e.g., Yin and Nie, 1996; Taira, 2001; Cunningham, 2013; .
The Mongol-Okhotsk Ocean formed in the Carboniferous (e.g., Cocks and Torsvik, 2007; Kravchinsky et al., 2002; Tomurtogoo et al., 2005) between the continental blocks of Siberia to the north and Amuria (Mongolia) -North China blocks to the south, and closed in the latest Jurassic-earliest Cretaceous time (e.g., Van der Voo et al., 2015) . The remnants of this paleo-ocean are evident within the Mongol-Okhotsk suture where a band of ophiolites (Tomurtogoo et al., 2005) and marine fossil-bearing sediments (Halim et al., 1998) track NE-SW across central Mongolia. Unexpectedly, perhaps, for such a large-scale continental collision, the suture is not characterized by any topographic highs. It is also unclear where the suture terminates, or whether it can be identified west of~100°E (e.g., Fritzell et al., 2016; Van der Voo et al., 2015) . Subduction-related magmatism appears to occur on both sides of the Mongol-Okhotsk suture (Zorin, 1999) . This observation led to the suggestion that subduction occurred both northwards and southwards, beneath Siberia and Amuria, respectively (e.g., Windley et al., 2010) which is also consistent with seismic topography by Van der Voo et al. (2015) .
Regardless of the direction of subduction, palaeomagnetic data (e.g., Cogné et al., 2005; Kravchinsky et al., 2002; Van der Voo et al., 2015) suggest the final closure of the Mongol-Okhotsk Ocean occurred between the Late Jurassic (~155 Ma) and the beginning of the Early Cretaceous (~120 Ma). This event was followed by periods of extension that formed large basins within southern Mongolia and China (e.g., Graham et al., 2001; Johnson, 2015; Meng, 2003) . These extensional basins, such as the East Gobi basin in the Gobi Altai, were intermittently filled with volcanic rocks and sedimentary units. Within, and adjacent to, the East Gobi basin, are isolated exposures of these Mesozoic basaltic magmatic rocks, which are particularly well exposed within the Ih Bogd, Baga Bogd and Artsa-Bogd mountains of the Gobi Altai (Figs. 1B & 3) . These isolated mountain ranges are Miocene to recent flower-structures that formed at restraining bends along the large, left-lateral Bogd strike-slip fault system (Cunningham, 2013 and references therein) .
The Gobi Altai magmatism has undergone minimal weathering and samples were collected from six locations, from west to east: Jaran Bogd, Dulaan Bogd, Bulgantiin Uul, Noyon Uul, Tsagaan Tsav, and the Tsost Magmatic Field (Fig. 1B) . The Tsost Magmatic Field is comprised of a series of intrusive basalts, interpreted as shallow plugs and dykes (Barry, 1999) , but otherwise, all the other studied basaltic rocks appear to be extrusive lavas and perhaps intervening sills (Barry, 1999; Van Hinsbergen et al., 2008 . We will refer to the latter as the Gobi lavas throughout this paper.
Ih Bogd, Baga Bogd and Artsa Bogd expose crystalline Palaeozoic basement that has been affected by sedimentation, magmatism, and metamorphism related to subduction, obduction, and collisions during the formation of the CAOB (e.g. Badarch et al., 2002; Xiao et al., 2015) . These localities are unconformably overlain by up to 1500 m of Mesozoic mafic volcanic rocks that are interbedded with fluvial sandstones and lacustrine clay deposits (Van Hinsbergen et al., 2015 and references therein) . From west to east, the lavas have been dated by 40 Ar-
39
Ar geochronology; the Jaran Bogd sequence gave ages ranging from~125 to 118 Ma; Dulaan Bogd yielded an age of 218.5 ± 1.5 Ma; and those from the Bulgantiin Uul sequence yielded ages of 124.3 ± 0.9 and 122.7 ± 0.8 Ma (Van Hinsbergen et al., 2008 . Results from 40 Ar age dating for Tsost Magmatic Field and Tsagaan Tsav were provided in the PhD thesis of Barry (1999) , but were never formally published, and are presented below. Previous K-Ar results for Tsost Magmatic Field gave an age of~101 to 76 Ma, and the lavas from Tsagaan Tsav gave an age between 95 and 90 Ma (Samoylov and Arkelyants, 1989; Enkhtuvshin et al., 1995) . No age constraints are available for Noyon Uul in the south.
Other than the volcanic rocks at Noyon Uul, the lavas and shallow plugs are all situated within the Gobi Altai terrane (Badarch et al., 2002) , which is a long narrow belt extending east into China. This terrane was interpreted as a former backarc/forearc basin containing greenschist facies rocks of Cambrian age. In the far south of the area, Noyon Uul sits on the Atasbogd terrane, which is described as a backarc/forearc basin terrane containing greenschist facies rocks of Ordovician age. Noyon Uul is a syncline and the dominant strata consist of fluvial and lacustrine facies sedimentary rocks of Upper-PermianLower Jurassic age (Hendrix et al., 1996) .
Petrography
The Gobi lavas are porphyritic, vesicular and contain amygdales of carbonate and siliceous material. All Dulaan Bogd samples are holocrystalline while Bulgantiin Uul, Jaran Bogd and Tsagaan Tsav samples are holo-to hypocrystalline. All the Noyon Uul samples are hypocrystalline. There are phenocrysts of plagioclase, clinopyroxene and iddingsitised olivine. Glomerocrysts of altered olivine and clinopyroxene were identified in samples from Bulgantiin Uul, Jaran Bogd and Tsagaan Tsav. Rare xenocrysts of plagioclase crystals were identified in Bulgantiin Uul samples. The groundmass consists of iddingsitised olivine, clinopyroxene, plagioclase, opaque crystals and in some cases glass. There are samples from all magmatic provinces that have flow-aligned plagioclase crystals. Clinopyroxene subophitically encloses plagioclase in Jaran Bogd, Bulgantiin Uul and Tsagaan Tsav lavas. The Noyon Uul lavas also contain accessory apatite. In all samples olivine is fully or partially altered to iddingsite, whereas clinopyroxene and plagioclase are partially altered. Overall, Dulaan Bogd, Bulgantiin Uul and Jaran Bogd lavas are the least altered (approximately 2 to 32% altered), whereas Noyon Uul and Tsagaan Tsav lavas are the most altered (approximately 10 to 40% altered). Most of this alteration is of specific phases; however, localized groundmass and glass alteration occurs in samples from all magmatic provinces.
Tsost Magmatic Field basalt samples are porphyritic, holocrystalline and hypocrystalline, contain amygdales of zeolites and are generally fresher than the other sample localities (approximately 1 to 18% altered). There are phenocrysts of plagioclase, clinopyroxene and iddingsitised olivine (many only partially altered). Clinopyroxene and olivine crystals appear as glomeroporphyritic clusters. Skeletal hopper olivine crystals suggest quenching happened despite these basalts being intrusive. The groundmass consists of olivine, clinopyroxene, plagioclase feldspar, opaque crystals and, in some cases, glass.
Granulite crustal xenoliths were observed at Tsagaan Tsav and more rarely in Tsost Magmatic Field, but the latter also contains xenoliths consisting of plagioclase and pyroxene crystals.
Photomicrographs and detailed sample specific petrological descriptions for each volcanic field are reported in the supplementary appendix material (Supplementary Material A) .
Argon dating
Three samples were selected from Tsost Magmatic Field for wholerock 40 Ar/ 39 Ar dating; two samples were from plug-like intrusions (TB95-6.3.3 and TB95-7.1.6) and the third, TB95-9. Ar ages constrain the lavas from Tsagaan Tsav between 120.4 ± 1.1 and 117.7 ± 1.7 Ma. The shallow intrusive plugs from Tsost Magmatic Field yield the youngest ages from the Gobi Altai region, with ages between 107.4 ± 0.9 and 99.3 ± 0.8 Ma (Fig. 2) .
Geochemistry of the Gobi lavas and intrusives

Major-element variations
Petrological observations reported above indicate that most phenocrysts and groundmass material had undergone at least some alteration. More than half the samples studied have b2 wt% LOI (loss on ignition) values, suggesting they have not undergone extensive alteration. All of the Noyon Uul samples have LOI values N2 wt%, whereas the other lava fields show evidence for more variable degrees of alteration. LOI versus trace-element plots show that many mobile elements (e.g. Rb, Ba, Pb, Na) have been affected by alteration and these are included in the supplementary appendix material (Supplementary Material D) .
To classify the alkaline lavas and intrusive rocks a Total Alkali Silica (TAS) plot is used (Fig. 3) . Tsost Magmatic Field samples plot in the trachybasalt and basaltic trachyandesite fields. Most of the localities exhibit a similar range in composition, with the majority of samples plotting in the basaltic trachyandesite field. Some samples from Noyon Uul, Bulgantiin Uul and Tsagaan Tsav plot in the basanite (8 samples) or phonotephrite (2 samples) fields. On a normative Ne-Ol-Di-Hy-Qz diagram, most of the samples plot in the nepheline-normative and hypersthene-normative fields, but 12 samples plot in the quartznormative field (Fig. 4A) . However, the samples that plot in the quartz-normative field have low amounts of MgO (b 3 wt%) and a clear trend can be seen for some volcanic provinces (Tsost Magmatic Field, Jaran Bogd and Dulaan Bogd) going from nepheline-normative to quartz-normative as the melts become increasingly evolved (Fig. 4B) .
Samples are variably evolved with MgO contents ranging from 0.44 to 8.25 wt% depending on locality: Tsost Magmatic Field basalts have Mg-numbers between 43 and 68. Excluding Noyon Uul, the lavas have Mg-numbers between 27 and 56 (Fig. 5) ; Noyon Uul samples have Mg-numbers between 7 and 33. Generally Fe 2 O 3 (T) does not vary as a function of Mg-number, except for Noyon Uul samples, which show a negative trend with increasing Mg-number (Fig. 5C ). Samples from all locations show a positive trend between Mg-number and CaO contents, and CaO/Al 2 O 3 ratios ( Fig. 5F & I) .
Trace-element and REE variations
Cr contents correlate positively with Mg-number (Fig. 5H) Uul 17 to 51 ppm, Bulgantiin Uul 10 to 50 ppm, Jaran Bogd 22 to 147 ppm and Tsagaan Tsav 34 to 45 ppm.
All samples are enriched in the light rare earth elements (LREE) compared to normal mid-ocean ridge basalt (N-MORB) compositions and have elevated LREE relative to heavy rare earth elements (HREE).
Primitive mantle-normalized diagrams (Fig. 6) show that the samples are enriched in the high field strength elements (HFSE) and the large ion lithophile elements (LILE) compared with N-MORB. However, the LILE are susceptible to alteration and given the degree of alteration of most samples (described above), original concentrations may have been changed. With the exception of Tsost Magmatic Field basalts, the lavas show prominent negative Nb and Ta anomalies, a feature commonly observed in island-arc volcanics, along with enrichment in the fluid-mobile incompatible trace elements such as the LILE (e.g., Rb, Ba, K). Throughout the sample suites, some samples have positive Ba, Pb and Zr anomalies, but these are less prominent in the Tsost Magmatic Field basalts. Some lavas also have negative Sr and Ti anomalies. However, unlike volcanic arc lavas, the Gobi samples are enriched in incompatible trace elements like Zr. Similarities between an average continental arc basalt (CAB; Fig. 6 B-F) and the Southern Basin-and-Range (USA; Fig. 6G ) lavas with the Gobi lavas are seen in the mirroring of positive and negative anomalies. This enrichment of Rb, Ba and K in the Basin-and-Range lavas has been attributed to melting of metasomatised lithospheric mantle (e.g., Fitton et al., 1991; Kempton et al., 1991) . The lack of a negative Nb and Ta anomaly and a much weaker positive Pb anomaly for Tsost Magmatic Field basalts is comparable to ocean island basalt (OIB; Fig. 6A ).
Data interpretation
Fractional crystallization
The correlation of Cr and Ni with Mg-number likely reflects fractionation of olivine and Cr-spinel; in addition, fractionation of clinopyroxene is evident from decreasing CaO/Al 2 O 3 ratios with Mg-number ( primitive mantle plots and have Eu/Eu* numbers ranging from 0.72-0.83 for Dulaan Bogd, 0.76-0.81 for Noyon Uul, 0.78-0.87 for Bulgantiin Uul, 0.74-0.97 for Jaran Bogd and 0.80-0.87 for Tsagaan Tsav, indicative of varying degrees of plagioclase fractionation. The presence of opaque minerals identified during petrological studies suggests fractionation of oxides. As the lavas and basalts from Dulaan Bogd, Jaran Bogd and Tsost Magmatic Field become increasingly evolved they move from the nepheline-normative to the quartz-normative fields ( Fig. 4A & B) . Because the Gobi samples are evolved (most samples b5 wt% MgO), it is difficult to assess whether the trend from nepheline-normative to quartz-normative is because of fractionation processes at moderate pressures (5-10 kb), crustal contamination, or simply because the normative mineralogy calculation for the evolved samples is not suitable (Chakraborty, 1980) . However, it is interesting that many Jaran Bogd samples follow a similar trend to Tsost Magmatic Field samples, perhaps indicating similar fractionating conditions or some sort of mixing process.
Amphibole was not observed as a phenocryst or groundmass phase, and a Dy/Yb vs. SiO 2 wt% plot ( Fig. 7A) shows that each volcanic province has trends consistent with clinopyroxene fractionation, rather than amphibole involvement. For comparison, Cenozoic basalts from Mongolia (Togo) which have had a combination of garnet (high Dy/Yb ratios) and amphibole involvement in the source are also plotted (Barry et al., 2003; Hunt, 2011) . Unlike the Gobi samples, the Togo basalts have decreasing Dy/Yb ratios with increasing SiO 2 wt%, consistent with amphibole involvement.
The negative Nb, Ta and Ti anomalies on the primitive mantlenormalized plots (Fig. 6 ) suggest these lavas could have fractionated or interacted with residual rutile; alternatively, these geochemical attributes could be a source feature. If rutile was involved, then given that the minimum pressure stability of rutile is about 1.5 GPa, this would equate to a minimum depth of origin for the lavas of about 45-50 km (Xiong et al., 2005) . Rutile fractionates Nb (Kd =~28) from Ta (Kd = 36), resulting in high Nb/Ta ratios in a melt derived from a rutilebearing source; rutile dissolves when temperatures exceed 1250°C at 2-3 GPa (e.g., Bennett et al., 2004; Foley et al., 2000; Klemme et al., 2005; Xiong et al., 2005) . If the source has high Nb/Ta ratios due to a fractionating phase like rutile, or because it has been modified by metasomatism, then any melt from such a source could also have high Nb/Ta ratios. Melts of rutile-free peridotite mantle, without recycled continental crust involvement, will be characterized by Nb/Ta ratios close to values for primitive mantle (17.39; Sun and McDonough, 1989) . The Nb/Ta ratios for Tsost Magmatic Field basalts range from 15.8 to 20.6 (average of 17.3 ± 1.4), similar to primitive mantle, whereas the Gobi lavas have more variable ratios (12.8 to 38.9; average of 22.6 ± 6.5). Average continental crust has Nb/Ta ratios of 10.9 (Rudnick and Fountain, 1995) and therefore the ratios in the Gobi samples are unlikely to be explained by crustal contamination. Both Nb and Ta are also compatible in ilmenite and spinel, with Ta being more compatible then Nb; thus, fractionation of these oxides would also result in higher Nb/Ta ratios in the residual liquid.
To consider whether fractionation of these oxides can explain the ratios seen in the Gobi samples, a simple Rayleigh fractional crystallization ( (Fig. 7B ). To test whether the Gobi lavas are evolved versions of a melt similar to Tsost Magmatic Field basalts, but with Nb and Ta anomalies developed by fractionation of Fe-Ti oxides (ilmenite and spinel), the starting composition will use Nb = 38 ppm and Ta = 2.3 ppm based on sample TB95-6.3 (from Tsost Magmatic Field), as this sample has the most MgO and therefore is one of the least evolved. The partition coefficients (Kd) vary from 0.55 to 1.9 for Nb and 0.95 to 2.7 for Ta (Klemme et al., 2006) . Two fractionation trends are considered, using the lowest and highest Kd values for Nb and Ta. To model the average Nb/Ta ratio of 22.6 using the smallest Kd values,~58% fractionation of Fe-Ti oxides would be required, resulting in a positive correlation between Nb and Nb/Ta ratios. Alternatively, assuming the highest Kd values,~36% fractionation would be required, resulting in a negative correlation between Nb and Nb/Ta. Therefore, both models require unreasonably large amounts of fractionation. Thus, fractionation of ilmenite/spinel may have helped elevate Nb/Ta ratios but can't be solely responsible for the high ratios in the lavas. Considering that the high Nb/Ta ratios are unlikely to be explained by crustal contamination or fractionation of ilmenite/spinel, this leaves rutile fractionation or source controls as possible explanations.
It has been suggested by Klemme et al. (2002) that TiO 2 in an eclogite protolith will need to be N 1.6 wt% for rutile saturation in the melt derived from the eclogite (at 3 GPa). Therefore the protolith will need to contain sufficient TiO 2 to stabilize rutile. Any interaction between a Ti-rich melt and mantle peridotite may lower the TiO 2 enough to prevent rutile fractionation, and it is argued in later sections that peridotite is the dominant source lithology. Mesozoic lavas (N 110 Ma) from the North China Craton show similar negative Nb and Ta anomalies and high Nb/Ta ratios. Rutile fractionation was ruled out for these high MgO (N 10 wt%) lavas because there is a negative correlation between MgO and Nb and Ta . This suggests that both Nb and Ta were incompatible during mantle melting. Instead, the geochemical features were attributed to source controls. Given the similar age of the Gobi lavas, they may have similar petrologic histories. Furthermore, none of the Gobi lava fields have are weight percent oxides divided by their respective molecular weights . Fe 2 O 3 wt% was calculated from total Fe using Fe 2 O 3 /(Fe 2 O 3 + FeO) =0.2. Critically saturated basalts (neither hy-nor ne-normative) have SI = 0; under-saturated compositions (ne-normative) have SI b 0; saturated to over-saturated basalts have SI N 0.
decreasing Nb with MgO, consistent with the likelihood that there has not been rutile fractionation (Supplementary Material D) . If rutile is unlikely to have been a fractionating phase, then it is likely that the low Nb and Ta concentrations, and high Nb/Ta ratios are controlled by source characteristics. There are a number of ways this source could be generated for the Gobi lavas (or a combination of reasons):
(1) interaction between mantle peridotite and a melt derived from a rutile-bearing, recycled eclogite (e.g., Liu et al., 2008) ; (2) the involvement of previous subducted continental crust trapped in the lithospheric mantle (e.g., Fan et al., 2004) and (3) interaction between mantle peridotite and fluids with high concentrations of LREE but depleted in Nb and Ta. Peridotite xenoliths with melt pockets have been found in Cenozoic alkali basalts from Mongolia (Ionov et al., 1994) . It was shown that the invading fluids were enriched in LREE, Th, U, Pb and Sr Ar; 104.7 Ma ± 0.3 Ma) and were interpreted to be derived from a depleted asthenospheric mantle source (Dash et al., 2015 Nd (i) = 0.5127) and have been interpreted to be derived from a depleted asthenospheric mantle source (Zhang and Zheng, 2003) . Asthenospheric lavas from the Basin-and-Range (USA) and Turkey (Anatolia) also have compositions similar to Tsost Magmatic Field basalts (Fig. 8A) . Thus, Tsost Magmatic Field basalts have Sr and Nd isotopic signatures that suggest derivation from a depleted asthenospheric mantle source.
In contrast, the Tsagaan Tsav sample (TB95-8.2) has a higher Nd (i) isotopic value (0.7053 and 0.5125 respectively; ε Nd(t) = 0.92) than Tsost Magmatic Field samples, and plots within the field of the other Mongolian Mesozoic lavas that were analyzed by Dash et al. (2015) . These samples form an array that extends from the field of asthenosphere-derived melts towards lithosphere-derived lavas from China, Basin-and-Range (USA) and Turkey (Fig. 8A) (i) values that are close to the NHRL (Northern Hemisphere Reference Line) and are similar to the "Chinese Mesozoic asthenospheric melts field" (Fig. 8B) . As discussed by Zhang and Zheng (2003) , these Chinese Mesozoic basalts, and by extension the Tsost Magmatic Field basalts, have Pb isotopic values that are more similar to MORB rather than OIB. Tsost Magmatic Field samples therefore have Pb isotopic values that support a depleted asthenospheric mantle as the source. The Tsagaan Tsav sample plots above the NHRL, in the "north-eastern and south-eastern (USA) lithospheric melts transition zone" field; thus, Tsagaan Tsav has Pb isotopic signatures consistent with a lithospheric mantle source. However, we can't rule out the possibility of crustal contamination on this data alone. The lack of mantle xenoliths and the evolved nature of the lavas suggest magma ascent was unlikely to have been rapid. Instead, the magmas probably evolved in crustal magma chambers, where there was opportunity for crustal assimilation. The presence of granulite crustal xenoliths in samples from Tsagaan Tsav and Tsost Magmatic Field, supports the idea that crustal contamination processes occurred to some extent.
To assess whether crustal contamination of an asthenospheric melt like Tsost Magmatic Field could produce the isotopic lithospheric signature of the Tsagaan Tsav sample, AFC modelling results are presented (Fig. 8A & B) , using the equations from DePaolo (1981) . Sample TB95-6.3.5 from Tsost Magmatic Field is used as the initial magma due to its high MgO content; at 7.98 wt% it is one of the least evolved samples in the suite. A granulite crustal xenolith (TB95-2.5) from the Gobi Altai (Barry et al., 2003) is used as the contaminant, because of its low Nd, and high Sr and Pb isotopic values.
Assuming an r-value ("r" = assimilation against fractionation rate) of 0.3, approximately 50% of the magma would have to crystallise (i.e. F = 0.5, where "F" = mass of magma/initial mass of magma) to get (Barry et al., 2003; Davidson et al., 2012) . (B) A Nb/Ta vs. Nb plot showing results of Rayleigh fractional crystallization modelling for ilmenite and spinel using sample TB95-6.3 from Tsost Magmatic Field as the starting composition. The partition coefficients used are those compiled from Klemme et al. (2006) . Tick marks are in 10% fractionation intervals.
Sr (i) and Nd (i) values close to the Tsagaan Tsav sample. Furthermore, to explain some of the other Mongolian lavas analyzed by Dash et al. (2015) with this contaminant would require F-values N0.8 ( Fig. 8A ; Mongolian Mesozoic lithospheric + lower crust field). Because the granulite contaminant is low in Pb (0.7 ppm), even when F-values N 0.9, AFC processes with this contaminant could not explain the Pb isotopic composition of the Tsagaan Tsav sample (Fig. 8B) . Thus, it seems unlikely that AFC processes can account for the difference in isotopic signature between Tsagaan Tsav and Tsost Magmatic Field samples based on known granulite compositions.
An alternative approach to assessing the role of crustal contamination is to consider Nb/La ratios. Given that the partition coefficients for Nb and La are not significantly different for olivine, pyroxene and plagioclase (McKenzie and O'nions, 1991) , the Nb/La ratios should not change significantly as a result of fractional crystallization. We can, therefore use a relatively straightforward mass balance approach to consider crustal contamination. This analysis allows us to consider different theoretical parental magmas (and contaminants), to test whether increasing assimilation of the continental crust can explain the negative Nb/La anomaly observed in all the lavas (Fig. 9) . We use the equation:
where Ca is the composition of the lava after assimilation, Cp is the composition of the parental lava and CC is the composition of the contaminant. This equation shows that when 100% volume of CC is assimilated (a total volume increase to 200%) it would dilute/enrich Cp by 50%, or if 300% volume of CC is assimilated (a total volume increase to 400%) it would dilute/enrich Cp by 75% with respect to CC, highlighting the amount of assimilation required to get compositions close to CC. To calculate how much crustal contamination would be required to explain the negative Nb/La ratios, an average OIB composition from Dash et al. (2015) ; Chinese lavas Gao et al., 2008; Hong-Fu et al., 2004; Zhang et al., 2002 Zhang et al., , 2004 ; Basin-and-Range, USA (Kempton et al., 1991 and Bradshaw et al., 1993 ; Pb isotope data non-age corrected) and Turkey, Anatolia (Aldanmaz et al., 2000) . AFC trend uses a r value of 0.3 and a D value of 1.2 for Sr and 0.2 for Pb. The amount of F ranges from 1 to 0.1 and tick marks are in 10% intervals. The contaminant (TB95-2.5) and other granulite crustal xenoliths are from Barry et al. (2003) and are age corrected to 107 Ma. Fitton et al. (1991) is used to represent a Nb-rich parental magma. The crustal contaminant is a representative of the upper and lower crust from the interior of the North China Craton and was calculated on a carbonate rock-free basis (Gao et al., 1998) . The average continental crust from Rudnick and Fountain (1995) is also plotted, but not used in the model due to the Nb/La ratios being higher than most of the lavas and as such could not explain the lavas' low ratios. The model suggests that to get low Nb/La concentrations purely by crustal contamination, using an OIB parental magma, would require significant amounts of assimilation. Even after 400% volume of the CC is assimilated the Nb/La ratios of the Ca are still higher (~0.6) than most of the Gobi lavas and it now has a SiO 2 content N58 wt% (silica-saturated). In this model, the OIB parental magma would require lower starting SiO 2 compositions coupled with large amounts of assimilation to be able to explain the low Nb/La ratios of the Gobi lavas and thus seems unlikely.
In summary, although it seems unlikely that the Mongolian lavas could have traversed through the continental crust without undergoing some crustal contamination, based on the analysis above, it appears that consequences of that contamination are relatively small compared with the effects of compositional variation in the source. We consider this more fully in the following section.
Source and melting conditions
A changing source
Since the negative Nb anomaly in the lavas likely reflects a source or mineral control, a Ta/Yb vs. Th/Yb diagram can be used to investigate source characteristics (Pearce, 1983) . The ratios of these elements are largely unaffected by partial melting and fractional crystallization when pyroxenes or feldspars are the dominant crystallizing or residual phases (e.g., Irwin, 2006) . The volcanic plugs from Tsost Magmatic Field plot within the mantle array (Fig. 10) ; melts that normally plot here are those from the asthenosphere, non-plume or plume-related asthenosphere, or from mantle lithosphere that has been enriched by melts from the asthenosphere. Enrichment in Th, with respect to Ta, will displace samples vertically on this diagram. Such an enrichment may result from source region metasomatism caused by subduction components preferentially carrying Th, over Ta and Yb. Crustal contamination may also displace samples vertically if the contaminant has abundant Th. The average upper and lower crust from Rudnick and Fountain (1995) plot outside the mantle array. The lower crust has notably lower Th/Yb ratios due to being dominantly granulite facies. This plot therefore supports the interpretation that Tsost Magmatic Field basalts have not undergone significant crustal contamination and suggests they have not come from a mantle source that has undergone significant subduction modification processes. The melts also have higher Ta/Yb and Th/ Yb ratios than N-MORB, closer to OIB, suggesting the melts originated from either a garnet-bearing source, with low degrees of partial melting, or from mantle that has been enriched by asthenospheric melts, or a combination of the two. It can be seen that the Gobi lavas are displaced vertically from the mantle array towards higher Th/Yb ratios, suggesting there may be a subduction component involved in their source. The Th/Yb ratios don't show a relationship with SiO 2 , other than perhaps melts from Jaran Bogd, indicating that these ratios have not been influenced by late stage crustal contamination or fractionation (see inset diagram on Fig. 10) , and even samples with low SiO 2 , such as those from Noyon Uul and Bulgantiin Uul (~46 wt%), don't plot within the Ta/Yb -Th/Yb mantle array. The low comparative Ta abundances in the lavas, as shown on primitive mantle normalization diagrams (Fig. 6) , is largely responsible for these lavas not plotting in the mantle array. The mantle source was therefore depleted in Ta (and Nb). Metasomatism of the lithosphere, caused by the release of fluids during previous subduction events could have created lithospheric pockets which are enriched in the LILE while also being depleted in Nb and Ta. Therefore the depletion in Nb, Ta and enrichment of the LILE indicates a source which has been conditioned by previous subduction events.
Basanite lavas from the Dych Gol area of eastern Mongolia (Dash et al., 2015) are also plotted, as these plot in the mantle array and are similar in age to the Tsost Magmatic Field basalts. For comparison with areas that have undergone thickening and then extension, lavas from the southern Basin-and-Range, USA (Bradshaw et al., 1993) and from western Anatolia, Turkey (Aldanmaz et al., 2000) are also plotted on the Ta/Yb vs. Th/Yb diagram (Fig. 10) . The oldest lavas from both areas have lithospheric mantle signatures that plot outside the mantle array, while the younger lavas plot within the mantle array; similar to the Mesozoic melts from the Gobi.
Interestingly, the switch from lithospheric-dominated magmatism to asthenospheric-dominated magmatism seems to have happened at a similar time in both Mongolia and China, as shown in Fig. 11 . Rocks older than 107 Ma have relatively low Nb/La values (average of 0.34 ± 0.17), whereas younger basalts have significantly higher ratios (average and an N-MORB from Gale et al. (2013) . Curves show assimilation; tick marks are shown on the curves which represent the amount of assimilation of the crust (CC), and are in 50% volume increments. The continental crust value was taken from Gao et al. (1998) and represents the interior of the North China Craton and was calculated on a carbonate rock-free basis. The average continental crust (RF) from Rudnick and Fountain (1995) is also plotted. of 1.42 ± 0.23). These younger basalts are either interpreted to be asthenospheric melts or newly replaced lithospheric melts. However, the locations of the asthenospheric-dominated magmatism occur large distances from each other. For example, the Mesozoic Jianguo basalts from Fuxin, Liaoning Province (China), despite being a similar age to Tsost Magmatic Field basalts, are approximately~1600 km away from the Gobi Altai. Similarly, the asthenospheric Mongolian Dych Gol lavas are approximately~1150 km away from Tsost Magmatic Field. This would imply that the magmatism is linked to some large-scale process.
To further consider magmatic/metasomatic processes that may have affected the lithospheric mantle source, a Zn/Fe ratio plot is utilized to consider source characteristics (Fig. 12A) . High Zn/Fe ratios have been used to identify pyroxenite source lithology, or garnet-pyroxene-rich sources that generate high Zn/Fe ratios by fractionation during partial melting (Le Roux et al., 2010; a Although all the Gobi volcanic provinces have undergone clinopyroxene fractionation which will mask some aspects of source geochemistry and metasomatic processes, the plot clearly shows that Tsost Magmatic Field basalts have lower Zn/Fe ratios than the Gobi Pearce (1983) showing Gobi samples, Dych Gol lavas, lavas from the Basin-and-Range USA and from Western Anatolia, Turkey (Aldanmaz et al., 2000; Bradshaw et al., 1993 and Dash et al., 2015) . Also plotted is an OIB from Sun and McDonough (1989) and average N-MORB from Gale et al. (2013) . The highest Zn/Fe ratio from Tsost Magmatic field is 9.57 and that is from a sample (TB95-9.5.2) with 2.98 wt% MgO; thus Tsost Magmatic Field rocks must have the lowest Zn/Fe ratios for a given MgO. This could suggest that any involvement from a metasomatised source could have had decreasing input with time and/or perhaps there was less involvement from garnet in the source too. Alternatively, there could have been less involvement from a hybridized source, such as peridotite + eclogite/pyroxenite.
To further evaluate geochemical changes with time, for the Gobi magmatic provinces, consideration is now given to garnet controls. Low chondrite-normalized Dy n /Yb n ratios (often b1.8) characterize melts which are derived from a spinel lherzolite source (e.g., Blundy et al., 1998) but all the Gobi samples have ratios N2, suggesting that garnet was involved. We consider the change in garnet signature through time using Sm/Yb ratios. We use this ratio because Yb is highly compatible in garnet but not clinopyroxene. Primitive mantle-normalized Sm n /Yb n ratios are compared for each of the Gobi magmatic fields (Fig. 12B) ; the decreasing Sm n /Yb n ratios with time suggest diminishing garnet involvement for magmatic fields on the Gobi Altai terrane. One explanation for this reduced garnet signature is that there was less involvement from a garnet-bearing source and/or increased decompression melting in the spinel peridotite facies with time.
Peridotite vs. pyroxenite source: geochemical indicators
From a petrological perspective, peridotite and pyroxenite are distinguished lithologically on the basis of mineral proportions of pyroxene versus olivine: peridotite, by definition, consists of N40% olivine while pyroxenite has b40% olivine. Factors such as temperature, pressure and other mineral phases (e.g., spinel, garnet, Fe-Ti oxides) will influence the relative proportions of olivine and pyroxene.
Distinguishing peridotite from pyroxenite sources on the basis of lava composition can thus be difficult. Furthermore, processes such as magma mixing, fractional crystallization and metasomatism can affect the final lava composition and, hence, obscure geochemical signals indicative of different source types. However, the involvement of pyroxenite as either a source rock, or as an addition (e.g., pyroxenite veins in the source rock), in magma genesis makes for an interesting debate (e.g., Yang et al., 2016; Yang and Zhou, 2013) . Pyroxenite has been suggested as the source rock for Chinese Cenozoic basalts, while pyroxenite veins hosted in a peridotite source have been suggested for Mesozoic Chinese lavas Yang et al., 2016) .
Whole-rock CaO-MgO relationships have been used to distinguish peridotite from pyroxenite sources (Herzberg, 2006) , because melts derived from peridotite should theoretically have higher CaO contents at a given MgO wt%. However, as emphasised in the appendix of Herzberg (2006) , for alkali melts, peridotite melting can produce low-CaO melts. Furthermore, studies have shown that metasomatised garnet peridotite and small degree melts derived from a MORB-eclogite source that has interacted with peridotite on its way to the surface, can produce low-CaO basaltic melts at garnet-stable pressures (Mallik and Dasgupta, 2012) . Therefore, as peridotite sources are capable of producing both low and high CaO melts, this scheme is unsuitable for determining source characteristics for the Mongolian lavas and thus not considered further.
Olivine phenocryst composition has been used to distinguish peridotite from pyroxenite source lithology (e.g., Herzberg et al., 2014) . Olivine in basalts, which has low Ca and Mn, with high Ni and high Fe/Mn ratios at a given Fo content are features associated with a pyroxenite source. However, recognising whether olivine phenocrysts are xenocrysts can be difficult. Furthermore, olivine commonly exhibits chemical zoning; these zones can exhibit geochemical variance, which may lead to wrong interpretations. This is particularly important when considering the Gobi samples, as olivine is nearly always altered partially or completely to iddingsite. Therefore, finding and probing exposed areas of fresh olivine phenocryst can be difficult and may not truly represent the original mineral. Furthermore, it has been shown that temperature can have a significant influence on how Ni partitions between olivine and the melt (e.g., Matzen et al., 2013) , and therefore source/melt composition is not always the only control.
Based on melting experiments on peridotite and pyroxenite, a FC3MS (FeO T /CaO-3 × MgO/SiO 2 wt%) parameter was generated to distinguish peridotite from pyroxenite sources (Yang and Zhou, 2013) . This parameter is primarily controlled by source composition and (2010), however evolved samples which have undergone clinopyroxene fractionation will plot outside this field. Average crust value was taken from Rudnick and Fountain (1995) . (B) Average primitive mantle-normalized Sm/Yb ratios (Sun and McDonough, 1989) vs. age for each magmatic field. Bars show the minimum and maximum range for each magmatic field.
melting degree, while pressure and temperature have little effect. Fractionation controls also occur, with clinopyroxene fractionation increasing FC3MS values. High FC3MS results are typically attributed to a pyroxenite source. To try and account for fractionation of the evolved Gobi melts, corrections have been applied to the oxides. However, the uncorrected data are plotted for comparison (Fig. 13) . The correction on the oxides utilizes the equation given in the appendix of Niu and O'Hara (2007) . All the Gobi data are corrected to a Mg-number of 72. However, correcting a highly evolved melt back to a Mg-number of 72 is difficult and prone to error. Lavas with b1.5% MgO wt% were not included in the correction procedure. Although alteration may have affected the major elements, LOI values are mostly b2 wt% (although samples from Noyon Uul range from 2.29-4.49 wt%) and the clear relationship between FC3MS values and MgO suggests that fractionation is the dominant control on these values.
A polynomial equation was utilized on MORB (Niu et al., 1999) to determine the polynomial coefficients (m n ). Using these polynomial coefficients the Gobi data have been corrected using the equation:
where n refers to the n th term of the polynomial equation.
For comparison purposes, experimental peridotite and pyroxenite melts are plotted. Also plotted are Cenozoic basalts from China that have been interpreted as pyroxenite melts (uncorrected for fractionation) and are discussed in detail by Yang et al. (2016) . Cenozoic basalts from the Tariat-Chuloot Formation are plotted (as both uncorrected values and values corrected for fractionation); these rocks have been interpreted as peridotite melts (Barry et al., 2003) , or possibly garnetpyroxenite melts (Hunt, 2011) . Pleistocene and Quaternary Mongolian basalts from Orkhon and Togo (Hunt et al., 2012) are also plotted (uncorrected for fractionation) and previous trace-element interpretations define these as originating from a pyroxenite source, with the Togo basalts also being derived from amphibole-rich regions of the mantle (Barry et al., 2003; Hunt, 2011) .
The Chinese Cenozoic basalts have high FC3MS values at a given MgO wt%, consistent with their pyroxenite source interpretation. The Orkhon and Togo basalts have high FC3MS values (0.87-0.89 and 0.45-0.62, respectively), plotting with the Chinese Cenozoic basalts, suggesting that the Orkhon basalts originated or interacted with a pyroxenite source while the Togo basalts are more ambiguous. Modelling done by Yang and Zhou (2013) indicates that the highest FC3MS value that can be produced from peridotite melting is 0.65 when MgO is N7.5 wt%. Two Togo samples have 7.4 wt% MgO and have a FC3MS value of 0.61-0.62, which is very close to the upper limit achievable by peridotite melting. Therefore, FC3MS values for the Togo basalts are likely consistent with trace-element interpretations by Hunt (2011) . The Cenozoic Tariat-Chuloot lavas have FC3MS values that are generally higher than the Mesozoic Gobi samples at comparable MgO wt%, but display a range of FC3MS values.
Many of the Cenozoic Mongolian basalts have high LREE/HREE and MREE/HREE ratios, which have been used to infer depth of melting (Barry et al., 2003) . These ratios are often higher than those in the Mongolian Mesozoic samples, which could be interpreted to reflect melting at greater depth. However, if the Cenozoic basalts are primarily pyroxenite-derived products, the typical garnet signature implied by the LREE/HREE and MREE/HREE ratios might not be indicative of a high-pressure garnet source, because garnet can be stable at lower pressures in pyroxenite (e.g., Lambart et al., 2013; Yang et al., 2016 and references therein).
The Gobi samples have high FC3MS values at low MgO wt% (uncorrected for fractionation) likely due to clinopyroxene fractionation, although values are mostly lower than the Orkhon and Togo basalts. Many Gobi samples also have FC3MS values lower than the experimental pyroxenite melts and Chinese Cenozoic basalts at comparable MgO wt%. Jaran Bogd lavas display a range of FC3MS values between samples with comparable MgO wt%, perhaps indicating source variation or magma mixing. When the Gobi samples are corrected for fractionation, they plot with the peridotite experimental melts (FC3MS = 0.1-0.57); although we stress that there is much uncertainty in the correction procedure. Because so many of the Gobi samples have fractionation uncorrected FC3MS values that don't plot in the pyroxenite field, we interpret this to be because peridotite is the dominant source lithology (but it could be a combined peridotite + pyroxenite source).
Mixing between lithospheric and asthenospheric mantle melts
If the lithosphere was thinned or removed under Mongolia in the Mesozoic, as suggested for Archaean lithosphere under the North China Craton at this time (e.g., Menzies et al., 1993) , and as suggested by the dramatic change in Nb/La ratio at about 107 Ma (Fig. 11) , it's possible that the asthenospheric mantle had greater input to magma genesis over time. This might have been accentuated if melting happened at the base of the lithosphere, triggered in part by localized asthenospheric upwelling.
The lavas from Jaran Bogd show the greatest variation on the geochemical plots within any given province and therefore provide us with the best chance to test whether there could have been a transitional shift from a lithospheric to an asthenospheric source. Additionally, petrological studies identified subophitic clinopyroxene enclosing plagioclase feldspar and convolute zoning in feldspar phenocrysts which might be indicative of magma mixing. Furthermore, because the exposures at Jaran Bogd provide us with a stratigraphic sequence of lava flows, we have an opportunity to investigate changes in the amount of asthenospheric input with time, as we move up sequence (JB1 towards the base while JB94 is towards the top of the sequence).
Using a combination of the oxides (FC3MS values; uncorrected for fractionation) and HFSE (Nb/La and Zr), geochemical trends are used to recognize asthenospheric vs. lithospheric inputs (Fig. 14) . Using the sample with the lowest SiO 2 (47.5 wt%) and high MgO (6.3 wt%) from Jaran Bogd (JB8), two trends can be recognized. Some of the lavas from Jaran Bogd have geochemical signatures more similar to the older lithospheric melts (JB1 to JB17). However, as the SiO 2 content or Nb/La ratios increase, many of the Jaran Bogd lavas trend towards Tsost Magmatic Field compositions. Interestingly, Jaran Bogd lavas have lower Zr concentrations than the other Gobi lavas, on average, and are comparable to the asthenospheric basalts from Tsost Magmatic Field. Jaran Bogd and Tsost Magmatic Field samples both have decreasing Zr with increasing SiO 2 content, perhaps indicating a mineral fractionation control, too. This suggests Jaran Bogd lavas may represent a melt from a lithospheric source with variable amounts of evolved asthenospheric input, explaining the geochemical variation observed in the lavas.
The Tsagaan Tsav lavas show a strong lithospheric mantle geochemical signature despite overlapping the dated Jaran Bogd lavas in age, i.e. 120.3 to 117.6 ± 0.3 Ma for Tsagaan Tsav lavas vs. 124.7 to 118.2 ± 1.4 Ma for Jaran Bogd. This implies that the Jaran Bogd melts may have been triggered during a greater input of asthenospheric activity or maybe some of the Jaran Bogd lavas are actually younger than the Tsagaan Tsav lavas. The youngest dated sample from Jaran Bogd (JB26) has relatively low Zr concentrations while also having a high Nb/La ratio N 0.73 compared to the other Gobi lavas. Samples JB38, JB46, JB57, JB69 and JB94 all appear stratigraphically higher in the sequence than the dated JB26 sample and show some of the greatest affinities to asthenospheric melts (relatively low Zr and Nb/La ratios ranging from 0.67 to 0.85).
Discussion
The Gobi lavas are depleted in some HFSE (Nb, Ta and Ti) but are enriched in Zr, the LREEs and LILEs (Fig. 6) . The Tsagaan Tsav sample (Fig. 8) (i) values that are similar to other Mongolian Mesozoic SCLM derived melts (Dash et al., 2015) . The Tsagaan Tsav Pb (i) isotope ratios are higher than the NHRL, but similar to basalts from the transition zone between the Basin-and-Range and the Colorado Plateau (USA (i) isotope ratios that are close to the NHRL. Furthermore, these basalts are not depleted in the HFSE (Nb, Ta, Ti), are less enriched in Zr compared to most of the Gobi lavas (Fig. 14C) , but are enriched in the LREEs and LILEs. The basalts show geochemical parallels (Figs. 8 & 11) to similar age Mesozoic basalts from Dych Gol (Mongolia) and Chinese Jianguo basalts (Fuxin, Liaoning Province). The geochemical data suggest that Tsost Magmatic Field basalts were derived from asthenospheric mantle.
Combining all this evidence (e.g. the decrease in garnet signature (Sm/Yb ratios) and magmatic/metasomatic input (Zn/Fe ratios) with time ( Fig. 12) , the gradual increase in asthenospheric input (Fig. 14) and a switch from lithospheric to asthenospheric magmatism) suggests that lithospheric mantle was stripped away under the Gobi. This event appears to have occurred after the Tsagaan Tsav magmatism (~118 Ma) but prior to the Tsost Magmatic Field magmatism (~107 Ma).
At the time of their eruption, the oldest dated Gobi lavas from Dulaan Bogd (~218.5 Ma), were~150-200 km south of a subduction plate boundary associated with the closing Mongol-Okhotsk Ocean, and likely in an overriding plate position (e.g., Van der Voo et al., 2015) . The Dulaan Bogd lavas are thought to have been deposited in a half-graben , and contemporaneous extensional basins were also recognized elsewhere in the Gobi Altai region . Samples from all the magmatic fields are alkaline and enriched in the incompatible elements, such as Zr (88-633 ppm); thus, these volcanic rocks are not thought to be volcanic arc related.
Earlier, in the Palaeozoic, Northeast China and Mongolia amalgamated during the subduction of the Paleo-Asian Oceans and the formation of the CAOB (Xiao et al., 2015) . It is therefore likely that the lithospheric mantle beneath the region had been enriched, by subduction-derived fluids and partial melts long prior to formation of the magmatic rocks studied in this paper. The presence of small amounts of water and carbon dioxide in the lithospheric mantle may have assisted partial melting by reducing the mantle potential temperature required to initiate melting.
What triggered the magmatism in the Gobi Altai region is enigmatic (e.g., Dash et al., 2015; Fan et al., 2003; He, 2015; Meng, 2003; Wang et al., 2006; Yarmolyuk and Kovalenko, 2001) . Although the Mesozoic magmatism occurred over a large area, no evidence of a mantle plume has been documented. Therefore, many studies have proposed a form of delamination to account for the magmatism across the CAOB. However, the suggestion by Wang et al. (2006) that westward delamination of an earlier thickened lithospheric mantle created by the latest Jurassicearliest Cretaceous closure of the Mongol-Okhotsk Ocean does not seem an appropriate mechanism for the genesis of the Gobi magmatic provinces due to the spread of ages within the same region and across China, and the absence of major regional shortening in Siberia or Mongolia during the latest Jurassic-earliest Cretaceous (Figs. 1B & 11) .
A model of convective mantle lithosphere removal was postulated by He (2014) to explain the Mesozoic magmatism in the North China Craton. In this model, to explain the most abundant volcanism (135-115 Ma), the formation of an extensive mantle wedge is required, due to a stagnating Pacific plate beneath the North China Craton. Slab dehydration would then reduce the viscosity of the asthenosphere, and may result in small-scale upwellings within the upper mantle and convection of the mantle wedge. As the asthenosphere ascends, it may cause compression of the rheological boundary layer and consequently increases the temperature gradient within this layer. This convection and excess heat causes lithospheric thinning. The lowering of melting temperature by peridotite-melt interaction can help accelerate lithospheric thinning and, when combined with convective erosion, can result in significant thinning of a cratonic lithosphere (e.g., with a mantle viscosity of 10 18 -10
19 Pa s and a peridotite melting temperature of 1000-1100°C a lithosphere could be thinned over tens of millions of years but at normal asthenospheric temperatures). In such a model, a combination of vigorous upper mantle convection, peridotite-melt interaction and local delamination results in abundant magmatism and lithospheric thinning (He, 2014 (He, , 2015 . Apart from Dulaan Bogd (and possibly Noyon Uul), the Gobi lavas erupted between 124 and 117 Ma. Thus, they were erupted over a similar time interval to the magmatism in the North China Craton. Furthermore, when we consider that asthenospheric melts appear in Mongolia and China at similar times, it suggests that the Mesozoic magmatism in the North China Craton and Mongolia are linked to a large-scale event(s) affecting the east Asian mantle lithosphere.
Given their N2000 km separation, it's not feasible that the Pacific Plate extended horizontally all the way under the Gobi region during the Mesozoic. A southward subducting Mongol-Okhotsk slab may have extended far enough southwards to create an extensive mantle wedge below the Gobi region. It is also unclear how asthenospheric upwelling would be triggered over such a vast area so as to result in convective thinning under the Gobi region at the same time as that under the North China Craton. Therefore, we suggest that the convective model by He (2014 He ( , 2015 , involving just the Pacific Plate, may not fully account for the extensive volcanism observed.
Interpreting this period of Gobi volcanism as the product of delamination, as suggested for similar age volcanism in the North China Craton (e.g., Windley et al., 2010) , faces similar challenges in terms of the density contrasts between lithospheric keel and the asthenosphere (e.g., Menzies et al., 2007) . That is, if a thick lithospheric keel (lower crust) was converted to eclogite, then a density contrast between the lower crust and lithospheric mantle may have assisted delamination. However, the absence of crustal eclogite xenoliths in the Gobi lavas makes it difficult to confirm this scenario.
Without further investigation into the magmatism across Mongolia it is difficult to assess whether the volcanism as a whole was a prolonged, gradual event or a relatively rapid one. If it was a rapid delamination model, it is unclear why so many places delaminated at the same time to give the asthenospheric signal, like that from Tsost Magmatic Field. Nonetheless, based on the available data, we suggest that the delamination model is the best scenario, because of the similar age volcanism in the Gobi and across eastern Mongolia (Dash et al., 2015) as that in the North China Craton.
Thus, the following model is proposed to explain the Gobi volcanism:
(1) The lithosphere under the Gobi Altai was modified by previous metasomatic events and possibly by melts derived from recycled rutile-bearing eclogite. The oldest dated lavas (218.5 Ma), from Dulaan Bogd, erupted onto a thick lithosphere. Because the lithosphere was thick it could have provided a barrier to magma reaching the surface. It is thus difficult to assess whether Dulaan Bogd magmatism is evidence of a gradual lithospheric removal processes under the Gobi region, or whether this magmatism is just unrelated to later postulated delamination processes. (2) Because the rest of the dated Gobi lithospheric mantle melts are a similar age (~124-118 Ma) to much of the volcanism in the North China Craton (~135-115 Ma) and eastern Mongolian lithospheric mantle melts (120-114 Ma), we suggest that this favours a rapid delamination model across the whole of the region (Fig. 15) . The closure of the Mongol-Okhotsk Ocean may have helped provide the necessary conditions for delamination in the Gobi. (3) As the lithosphere was gradually stripped away, younger Mesozoic asthenospheric melts (~107 Ma) were able to erupt. However, because asthenospheric melts appear elsewhere in Mongolia and the North China Craton at a very similar time, we suggest that a period of large-scale (possibly localized) asthenospheric upwelling occurred.
Conclusions
(1) The Gobi lavas are LREE and LILE-enriched while being depleted in some HFSE (Nb, Ta and Ti). The Tsagaan Tsav sample has relatively high 87 Sr/ 86 Sr (i) and low εNd (i) values and are comparable to other Mongolian Mesozoic lavas. Pb (i) isotope ratios plot above the NHRL, but are similar to basalts from the transition zone between the Basin-and-Range and Colorado Plateau (USA), consistent with an interpretation as subcontinental lithospheric mantle melts. The Gobi lavas represent melts from a subduction-preconditioned lithospheric mantle that was likely modified from recycled rutile-bearing eclogite melts and metasomatism. What triggered the melting is unclear, but delamination is a potential mechanism.
(2) The volcanic plugs from Tsost Magmatic Field are LREE-and LILEenriched and are not depleted in the HFSE. (4) The decrease in garnet signature (Sm/Yb ratios), and magmatic/ metasomatic input (Zn/Fe ratios) with time, the gradual increase in asthenospheric input and a switch from lithospheric to asthenospheric magmatism suggests that the lithospheric mantle was stripped away under the Gobi, with its removal by~107 Ma. (5) Asthenospheric melts appear in Mongolia at a similar time interval to those in China. This suggests some large-scale process was responsible for asthenospheric upwelling because distances between this asthenospheric magmatism is up to~1600 km.
Supplementary data to this article can be found online at https://doi. org/10.1016/j.lithos.2017.11.016.
